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Abstract

We present the results of a series of experiments designed to probe the interactions between Al and the amorphous silica
surface as a function of thermodynamic driving forces. The results from ?’Al single pulse magic angle spinning (SP/MAS) and
27A1{'H} rotational echo double resonance (REDOR) allow us to identify the reaction products and constrain their structure.
In all cases, despite low Al and Si concentrations we observe the formation of metastable aluminosilicates. Results from low
temperature experiments indicate that despite thermodynamic driving forces for the formation of gibbsite we observe the pre-
cipitation of separate octahedrally coordinated Al (AI')) and tetrahedrally coordinated Al (Al silicate phases. At higher
temperatures the Al silicate phase dominates the speciation. Structural models derived from the NMR data are also pro-

posed, and the results are discussed as they relate to previous work on Al/Si cycling.

Published by Elsevier Ltd.

1. INTRODUCTION

Aluminum can exhibit controls on the solubility and
reactivity of silica in the environment, and understanding
these controls improves models of a wide range of geo-
chemical processes such as those involved in soil chemistry,
diagenesis, hydrothermal scale formation, and carbon
sequestration. Measurements of biogenic silica dissolution
have indicated that the solubility of silica decreases with
the presence of increasing amounts of dissolved Al
(Van Cappellen and Qiu, 1997a; Dixit et al., 2001; Van
Cappellen et al., 2002). High pH quartz dissolution experi-
ments have indicated that Al present even at concentrations
below Al-hydroxide/oxyhydroxide saturation can signifi-
cantly lower dissolution rates (Bickmore et al., 2006). The
presence of dissolved Al has also been invoked to explain
orders of magnitude differences between laboratory and
field measured precipitation rates of hydrothermal silica
scales (Gallup, 1997, 1998; Carroll et al., 1998). Identifying
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the controls on Al concentrations could lead to better
understanding of how it affects the solubility of silica.
Thermodynamics predict that Al solubility should be con-
trolled in most environments through the formation of alu-
minum hydroxides such as gibbsite or clays such as
kaolinite. Metastable aluminosilicates could have important
intermediary roles in the formation of these stable phases.
Amorphous Al'® containing aluminosilicates such as allo-
phanes or imogolites have been identified in a variety of envi-
ronments, and are common in the weathering products of
volcanic ash (Parfitt, 2009). Allophane-like phases have also
been implicated in controlling the bioavailability of Al
(Doucet et al., 2001; Exley et al., 2002). Al"*! containing
aluminosilicate phases have been identified as the dominant
phases in hydrothermal scales (Gallup, 1997; Nishida et al.,
2009) siliceous hot spring deposits (Yokoyama et al., 2004),
biogenic silica (Gehlen et al., 2002), and inorganic opals
(Brown et al., 2003; Paris et al., 2007). Houston et al.
(2008) indicated that metastable Al dominant aluminosili-
cate phases form during uptake experiments performed at
pH >5 and higher dissolved silica concentrations despite
thermodynamic forces driving the formation of kaolinite.
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Solid-state nuclear magnetic resonance spectroscopy has
been applied in numerous studies to provide basic charac-
terization of the phases formed during reactions between
Al and silica. Basic differences in the Al and Si coordination
environments in allophane, imogolite, and other hydrous
aluminosilicates can all be identified from solid-state >’Al
and ’Si NMR techniques (Barron et al., 1982; Idlefonse
et al., 1994; Gallup, 1997; Exley et al., 2002; Yokoyama
et al., 2002, 2004; Brown et al., 2003; Paris et al., 2007;
Nishida et al., 2009). Advanced techniques which exploit
the couplings between neighboring elements can provide
more detailed structural determination of these Al contain-
ing phases. 2’Al{'H} cross-polarization (CP) experiments
have also been applied with some success to identify the
hydration state of Al in uptake experiments, but results
can often be inconclusive (Stone et al., 1993; Houston et
al., 2008). Rotational echo double resonance (REDOR)
techniques can be used to exploit these couplings between
'H and neighboring nuclei, and have been used successfully
to differentiate between different acidic sites in framework
aluminosilicates (Blumenfeld et al., 1995; Blumenfeld and
Fripiat, 1997). The application of more advance solid-state
NMR techniques should lead to a better understanding of
the types of phases which form in these systems.

The goal of this study is to investigate changes in the so-
lid aluminosilicate speciation as a function of the thermody-
namic driving forces, by varying Al concentrations,
temperature, and reaction length. Low temperature flow-
though experiments (25 and 50 °C) were performed at low
concentrations of Al to provide optimal conditions for Al
sorption or Al(OH); precipitation. Batch experiments were
conducted at 120 °C over a range of reaction lengths to ex-
plore the transitory reactions of metastable phases. Ther-
modynamic driving forces are estimated from the solution
chemistry and structure of the Al-silicates is derived from
the solid-state NMR spectroscopy.

2. EXPERIMENTAL METHODS
2.1. Flow-through experiments

Flow-through experiments were conducted at 25 and
50 °C to investigate the structure of Al at the amorphous
silica surface at low concentrations (0.7-1.5 uM Al), and
surface loadings using 50 ml stirred flow-through reaction
vessels. About 0.25 g of high surface area amorphous silica
(Mallinkrodt silica: 306 m?/g surface area by BET,
75-100 um particle size) was loaded into the reaction vessel,
and reaction solutions were pumped into the constantly
stirring reactor at average rates of 0.6-0.7 ml/min for peri-
ods up to 2 weeks. One set of experiments was performed
with initial solution at pH 4.3 and a constant 0.7 uM Al
concentration maintained throughout the experiment. Dur-
ing the second set, a pH 6.3 initial solution with 0.7 uM Al
was reacted for several days until steady-state reaction con-
ditions were achieved as indicated by periodic pH measure-
ments. The 0.7 uM Al concentration represents the
dissolved Al in the background electrolyte solution. After
the initial equilibration step the initial Al concentration
was increased to 1.5 uM. During the course of each

experiment, the effluent solutions were sampled, the room
temperature pH recorded, and aliquots were submitted
along with initial reaction solutions for inductively cou-
pled-plasma mass spectrometry (ICP-MS) analyses of Al
and Si concentrations. At the completion of each experi-
ment, the solids were separated and washed with distilled
and deionized water via suction filtration, and placed in a
60 °C oven overnight to dry.

2.2. High temperature batch experiments

The transformation of the Al structure on amorphous
silica was investigated at 120 °C in batch experiments. Prior
to the addition of the amorphous silica solid, 60 ml of
0.5 mM Al reaction solutions were prepared with a 0.1 M
NaCl background electrolyte in PTFE lined Parr acid diges-
tion vessels. The starting solutions were adjusted to a pH of
3 and 9 using 0.1 N HCl and 1.0 N NaOH, respectively. A
10 ml aliquot of the initial solution was removed, passed
through a 0.2 pm filter, and analyzed by ICP-MS to mea-
sure the initial starting solution composition. Then 0.25 g
amounts of the same amorphous silica used in flow-through
experiments were added to the solutions, the vessels sealed
immediately and placed into a 120 °C oven for up to
15 days. After a set reaction time, the vessels were removed
from the oven and allowed to cool for 1 h before collection
of the final samples. Aqueous samples were filtered and
acidified with high purity HNO; and stored at room tem-
perature prior to chemical analysis. The final pH values
of these solutions were also recorded after the solutions
had cooled to room temperature. The solids were separated
and washed with distilled and deionized water via suction
filtration, and placed in a 60 °C oven overnight to dry.

2.3. Model minerals

Minerals were used to compare their NMR spectral fea-
tures to those of the uptake samples. The hydrated zeolite
phases analcime, mordenite, clinoptilolite-Na were used as
standards for Al in association with structural water mol-
ecules. Kaolinite and gibbsite were used as model minerals
containing Al only in association with structural hydro-
xyl. Additionally, a sample of beidellite was used as a stan-
dard where both Al and AI™ coordination environments
are present. The sources and general chemical formulae for
the model mineral are presented in Table 1.

2.4. Solid-state NMR spectroscopy

27Al single pulse magic angle spinning (SP/MAS),
?7Al{'H} rotational echo double resonance (REDOR),
and 2Na SP/MAS NMR spectra were all collected on a
Bruker Avance 400 spectrometer (9.4 T) at operating fre-
quencies of 400.09, 104.25, and 105.83 MHz for 'H, *’Al,
and 2*Na, respectively. Samples were contained in 4 mm
(0.d.) ZrO, rotors, and spectra were collected using a Bru-
ker 4 mm triple resonance solids probe. >’ Al SP/MAS spec-
tra were collected at a 10 kHz spinning rate using a selective
1 ps excitation pulse (solution /2 =14.5ps) and a 0.2s
recycle delay for 10,000 to 900,000 acquisitions. The short
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Table 1
Mineral samples used for comparison of NMR properties.

Mineral General chemical formula Location Source

Analcime Na,Al,Si,0,,-2H,0 Barstow, CA, USA Mineral Research, Clarkson NY
Clinoptilolite (Na,Ca,K), 3Al3(Al,S1),S113036 12H,0 Castle Creek, ID, USA Mineral Research, Clarkson NY
Mordenite Na,Al>Si;0024-7H,O India

Kaolinite; KGa-1b Al,Si,05(OH), Washington Co., GA, USA Clay Mineral Society

Gibbsite Al(OH); Synthetic

Beidellite SBId-1 (Na,Cag 5)9.3Al5(Al,Si)40,0(OH),-nH,O 1D, USA Clay Mineral Society

0.2 s pulse delay was chosen to optimize signal acquisition,
but spectra taken at a 5 s pulse delay of select samples (not
shown) indicated no differences in the relative peak abun-
dances indicating that spectra collected at short pulse delays
sufficiently represent the distribution of the Al species. >’Al
SP/MAS NMR was also run on rotor blanks and no back-
ground signal was observed after 2 days of acquisition time.
?7Al multiple quantum (MQ) MAS spectra were collected
at a spinning rate of 13 kHz using 3 us excitation and 1 ps
conversion pulses, followed by a 28 ps z-filter pulse. A total
of 32 points were collected with an increment of 38.5 ps in
t1 corresponding to a spectral window of 26 kHz in the iso-
tropic dimension. Forward linear prediction procedures
were used to complete the signal in ¢1 to avoid truncation
errors. The 27A1 MQ/MAS data were processed using stan-
dard shearing methods. >’Al{'H} REDOR were collected
with a 10 kHz spinning rate at a variety of dephasing peri-
ods using spin—echo pulses for 2’Al (z = 8 ps), and 10 ps
recoupling pulses for 'H. 2*Na SP/MAS NMR spectra were
also collected at 10 kHz spinning rate using a short, selec-
tive 1 s pulse (solution 7/2 = 18 us) and a 0.5 s recycle de-
lay. Additional >*Na SP/MAS NMR spectra were collected
at a higher magnetic field strength of 11.7 T on a Bruker
AMX 500 spectrometer using a 4 mm Bruker broadband
X double resonance probe with a spinning rate of 3 kHz,
a 1 ps pulse (solution 7/2 = 18 us), and a 0.5 s pulse delay.
Si{'H} cross-polarization (CP) MAS NMR spectra were
collected on a Tecmag Apollo 300 spectrometer at operat-
ing frequencies of 300.19 and 59.63 MHz for 'H and *°Si,
respectively. Samples were contained in 7.5 mm (o.d.)
ZrO, rotors, and spectra were collected at 3 kHz with a
2 ms CP contact time using a 7.5 mm Chemagnetics probe.
27Al and **Na spectra were referenced to external solution
standards of 0.1 M AlCl; (da; = 0.0 ppm) and 0.1 M NaCl
(6na = 0.0 ppm), respectively. 2°Si spectra were referenced
with respect to tetramethyl silane using solid kaolinite as
an external shift reference (ds; = —92.0 ppm; Magi et al.,
1984). The NMR spectra were also subjected to least
squares fitting to a linear combination of pseudo-Voight
lineshapes in order to extract their peak positions and inte-
grated intensities. Peaks showing large asymmetries re-
quired multiple peaks to provide adequate fits. Spectral
intensities of spectra used in REDOR analysis were ob-
tained using self consistent models where the only the inten-
sities were allowed to vary while all other spectral
parameters were fixed.

We advocate the use of the ’Al{'H} REDOR experi-
ment over the more commonly used 2’Al{'H} CP/MAS
experiment to examine the connectivity of Al and H in

geochemical systems for a variety of reasons. When the tar-
get nucleus is a quadrupole like >’Al a decrease in the signal
intensity compared to SP/MAS spectra is generally
observed. This signal loss leads to an increase in the exper-
imental time needed to collect a useful spectrum. In addi-
tion, CP between 'H and quadrupolar nuclei is highly
sensitive to sample spinning rate, radio frequency strength,
and the magnitude of the quadrupolar coupling constant
(Vega, 1992). One must undertake careful experimental set-
up on the sample of interest in order to derive useful, quan-
titative data. In geochemical systems where low signal
intensities could be expected, the standard procedure is to
use a model compound such as gibbsite as a setup standard,
but this procedure is flawed since we cannot assume the
quadrupole coupling constants of our unknown samples
are the same as that for gibbsite. We can gain more accurate
information using the ?’Al{'H} REDOR experiment which
takes little additional setup beyond that undertaken for SP/
MAS experiments, and can be setup using model com-
pounds since it relies only on the dipole coupling between
27Al and 'H without any dependencies upon 2’Al quadru-
polar coupling.

The REDOR experimental procedure includes the col-
lection of two separate 2’Al spectra. The first spectrum is
produced by collecting a standard 2’Al spin—echo experi-
ment (S,) which, like the >’Al SP/MAS experiment, con-
tains peaks from all the 2’Al species present in the
sample. The second spectrum, the REDOR spectrum (.S),
is produced by introducing "H pulses which recouple the
YTAl-'H dipolar coupling, and will contain peaks of re-
duced intensity for any species associated with 'H. Subtrac-
tion of the two spectra produces a difference spectrum (AS)
which only has peaks from 2’Al species in close spatial
proximity to 'H (<5 A). This experiment is synchronized
with the sample spinning, and the total duration of the
experiment is called the REDOR dephasing period. A RE-
DOR dephasing curve can be constructed by plotting the
REDOR fraction (AS/Sy) as a function of the REDOR
dephasing period. The shape of this curve depends upon
the local Al-H configuration, and can be used to draw
interpretations about local structure. It is important to rec-
ognize that these effects only occur if the 2’Al species is
associated with rigidly bound 'H. A review of the REDOR
technique can be found in Gullion and Vega (2005).

2.5. ICP-MS solution analyses

The ICP-MS analyses of the reaction solutions were
performed on a Thermo Electron X Series quadrupole
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ICP-MS. A fully quantitative analysis using a linear cali-
bration curve based on known standards was performed.
The internal standard corrected for instrument drift and
suppression from the sample matrix. Si was run in CCT
(Collision Cell Technology) mode due to polyatomic inter-
ferences. Samples were run with either a 10x or 100x dilu-
tion to ensure analytes fell within the calibration range.
These results were corrected back through the 10x or
100x dilution and reported as molar concentrations. NIST
traceable certified reference materials and serial dilutions
are analyzed for accuracy. For an estimate of precision,
at least one sample is run in duplicate per batch.

2.6. Geochemical modeling

Thermodynamic conditions of the experiments were esti-
mated using equilibrium geochemical speciation and solu-
bility modeling using the Geochemists Workbench v8.0
(Betke and Yeakel, 2010). We used the standard thermo.dat
database for all calculations. Al activity versus pH dia-
grams were calculated at a fixed Si concentration derived
from average measured solution compositions. The selected
minerals albite, pyrophyllite, and paragonite were sup-
pressed during construction of the activity diagrams since
their formation is assumed to be kinetically hindered in
our experiments. The reaction pH values for the 50 and
120 °C experiments were extrapolated by running equilib-
rium calculations where the final solution compositions
were first equilibrated at 25 °C and pH and then reacted
to the final reaction temperature. The precipitation of all
minerals was suppressed during the pH calculations assur-
ing that solution compositions remained constant and only
pH was allowed to fluctuate.

3. RESULTS
3.1. Thermodynamic landscape

Equilibrium phase diagrams for the Al-Si-H,O system
were constructed from the measured solution chemistry
for the 25, 50 and 120 °C experiments (Fig. 1 and Tables
2 and 3). Thermodynamic analysis of the steady-state
solution compositions at 25 and 50 °C indicate that in
all cases gibbsite is the predicted stable phase which con-
tains only AI'® (Fig. 1a and b). Additionally, all low tem-
perature experiment solutions were undersaturated with
respect to amorphous silica. At pH 6.3 the time resolved
solution data show a drop in the Si concentration that
corresponds with the addition of Al to the reaction solu-
tions (Fig. 2). This decrease in the Si effluent concentra-
tion is consistent with the results of Houston et al.
(2008) indicating the precipitation of an aluminosilicate
phase. The pH, Al, and Si concentrations remain relatively
constant throughout the remainder of the experiments and
indicate that steady-state reaction conditions have been
achieved. The low degree of scatter present in these data
also indicates that there is no significant contribution to
the solution chemistry from the presence of colloidal par-
ticles which are also consistent with the results of Houston
et al. (2008).

Thermodynamic analyses of the solution compositions
at 120 °C predict differing phase stability for pH 2.9 and
5.9 samples. The pH of these samples changes significantly
from their initial values due to the reaction at temperature.
We will refer to these experiments generically as the low pH
and near-neutral pH experiments in all future discussion.
At low pH the final solution compositions plot within the
kaolinite (AI'®! only) stability field. Contrastingly, the final
solution compositions of the high pH samples place them
firmly within the mordenite-Na (Al only) stability field
(Fig. 1c). These data predict that at low pH conditions
Al species should dominate, but at near-neutral pH con-
ditions AI™ phases should dominate. Again in all cases,
these solutions are undersaturated with respect to amor-
phous silica. Despite using the same stock solution for all
experiments, the solution analyses indicates a lower initial
Al concentration for the higher pH samples which likely re-
sult from immediate precipitation of small amounts of Al
oxides/oxyhydroxides. We observe no significant trends in
the solution chemistry with time. Nearly all Al is removed
from solution during these experiments and consumption
increases only slightly with increased sample aging indicat-
ing the reaction of Al with the silica surface is mostly com-
plete after 3 days.

3.2. Al coordination environment in the precipitates

Solid-state 2’Al SP/MAS NMR spectra obtained for 25,
50 and 120 °C samples are presented in Figs. 3 and 4. The
positions of the peak maxima and relative peak intensities
for all samples are presented in Table 4. The asymmetric
shape of the peaks likely results from a combined distribu-
tion of chemical shifts and quadrupole coupling constants
characteristic of disordered phases. Most samples show
mixed coordination with peaks centered at 0-10 ppm as-
signed to Al in sixfold coordination, and those centered
at 43-56 ppm assigned to Al in fourfold coordination.
Peaks representing Al in fivefold coordination (AI®Y) in
the 20-40 ppm range were not observed as discrete peaks
in the SP/MAS spectra. Any overlap of the All® and Al
peaks, and the low signal to noise in some samples could
easily mask AI®! peaks, if present.

At 25 °C the relative intensity of four- and six-coordi-
nated Al is similar at pH 6.3 and 4.3 indicating that Al re-
tains the same structural environment as the surface
loading increased from pH 4.3 to 6.3 (Fig. 3a and b). The
peak positions and relative intensities are well within the
experimental uncertainty due to the spectral noise in the
pH 4.3 spectrum (Fig. 3b). The spectra of 50 °C samples
(Fig. 3c—e) produce peaks centered at about the same chem-
ical shift as the 25 °C sample, but with drastically different
relative intensities. In the pH 4.3 experiment, a significant
amount of amorphous silica adhered to the reactor vessel
walls, and was collected and analyzed as a separate sample
from the bulk. The spectrum collected of the bulk shows the
Al peak dominating over the AI™* peak (Fig. 3d). The rel-
ative intensity of four- and six-coordinated Al in the wall
adhered sample (Fig. 3e) is similar to the 25°C data
(Fig. 3b). At pH 6.3 no silica was observed adhered to
the reactor walls and therefore only the bulk sample was
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Fig. 1. Equilibrium phase diagrams for the Al-H system constructed from the measured solution chemistry. In addition to the Al the systems
are in equilibrium with 0.1 M NaCl and Si equivalent to the average measured Si concentration measured from experiments conducted at the
same temperature (see Tables 1 and 2). The solid points represent measured Al concentrations and pH conditions for the respective
experiments. (a and b) The points represent average values when steady-state conditions were achieved. Solid circles represent data from the
low Al concentration experiments and solid triangles represent that from high concentration experiments. (c) Points here represent the final
pH and Al concentrations of the low pH experiments (solid circles) and high pH experiments (solid triangles).

Table 2

Results of solution chemistry analyses for flow-through experiments. Steady-state values are given as the average value. The final steady-state
pH values for the 50 °C experiments were calculated at temperature using the measured room temperature pH shown in parentheses. Initial Si
concentrations for the pH 6.3 experiments are the steady-state concentrations before the addition of Al to the solution. Si concentrations in
the pH 4.3 experiments remained at the steady-state [Si] during the entire experiment.

Sample ID Temp. (°C)  Initial pH  Initial [Al] added (uM)  Steady-state pH  Steady-state [Al] (WM)  Steady-state [Si] (uM)

FTRTpH 4 22 4.4 0.7 5.2 0.7 13.1
FTRTpH 6 22 6.3 1.6 6.6 0.6 7.4
FT50 pH 4 50 4.3 0.7 53(5.4) 0.4 120.9
FT50 pH 6 50 6.3 1.4 6.3 (6.5) 0.3 196.5
analyzed. The collected spectrum shows the AI'®! peak is As temperature increases, Al*! coordination dominates
dwarfed by the dominant AI™ peak (Fig. 3c). The NMR re- as is shown by spectra collected from the 120 °C experi-
sults presented here align with those presented by Houston ments (Fig. 4). Only minor peaks from AI'! are present rep-
et al. (2008) where Al peaks dominate in uptake samples resenting a minor fraction of the total spectral intensity
produced over a wide range of pH conditions, but are in observed (<2%). These peaks are likely residual Al-oxi-
stark contrast to the predictions of the solution chemistry. des/hydroxides that formed prior to the addition of the
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Table 3

Results of solution chemistry analyses for high temperature batch experiments. All samples were synthesized at a temperature of 120 °C. The
final pH values were calculated at temperature using the measured room temperature pH shown in parentheses. In all cases initial [Si] was

below the detection limit of the ICP-MS method.

Sample ID Aging (days) Initial pH Initial [Al] added (uM) Final pH Final [Al] (uM) Final [Si] (uM)
HT LpH 3d 3 4.3 481 2.9 (2.9) 66.7 6293
HT LpH 7d 7 43 483 27(2.7) 343 6912
HT LpH 15d 15 43 490 3.0 (3.0) 26.6 6856
HT LpH 3d 3 9.0 153 6.7 (7.4) 6.4 5014
HT LpH 8d 8 8.8 133 6.0 (6.6) 1.3 4743
HT LpH 14d 14 8.0 50.3 5.1(5.3) 0.8 6560

samples, in order to accurately determine the 2’Al isotropic
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z 00 } —O—Al 3 in Cycc with smaller influence from distributions in chemical

= 600 } __E__Sh E 5% shift. In addition, no peaks are observed in these spectra

ufs ! s E 4 attributable to the presence of Al™ in these samples.

% 400 E Additional information about the identity of the Al in

= 200 } _ 3 these samples can be gained from analysis of their

2 . I.'?.. 7 .E 2Si{'H} CP/MAS NMR spectra. Characteristic spectra

00 50 100 150 200 coll.ect.ed for these samples are presented in Fig. 6. The

Time (hrs) majority of the spectra show the same three peaks at —94,

Fig. 2. Effluent solution chemistry data for the (a) 25 °C and (b)
50 °C pH 6.3 experiments as a function of time. Open symbols
represent Al (diamonds) and Si (squares) solution concentrations
derived from ICP-MS. Closed triangles represent measured pH
values. Dotted lines are provided to guide the eye. A dashed
vertical line has also been placed at the time when Al was added to
the reaction solution.

amorphous silica to the Al starting solution. Given their
low intensity it is likely the phases dissolve back into solu-
tion during the reaction at temperature. No significant
changes in the peak positions or relative intensities are ob-
served with increased reaction times. We can state that,
aside from the pH 4.3 bulk sample at 50 °C, in all sets of
low and high temperature samples the Al speciation is dom-
inated by the presence of four-coordinate Al phase since
care was taken to collect these spectra under quantitative
conditions (i.e. using short selective excitation pulses).
Additionally, ’Al MQ/MAS spectra were collected for
two samples, the 25 °C pH 6.3 and 120 °C 15 day low pH

—101 and —112 ppm which are characteristic of Q% Q°,
and Q* silica sites in amorphous silica. There are minor
changes in the relative intensity of these peaks, but these
can be easily attributed to pH effects on the silica surface
speciation (Carroll et al., 2002). These results suggest that
for the majority of the samples the main silica speciation
does not change substantially from amorphous silica. We,
however, observe a peak at —79.3 ppm in the spectrum col-
lected for the 50 °C pH 4.3 bulk sample (Fig. 5b) which is
characteristic of the aluminosilicate phases imogolite, Al,.
SiO5(OH)4, and allophane, xAl,03-ySiO,-zH,O (Barron
et al., 1982; Idlefonse et al., 1994). We collectively refer to
the phase as allophane, because imogolite and allophane
can exhibit similar NMR spectral features (Idlefonse
et al., 1994). Chemical analyses would be needed to differ-
entiate between imogolite and various types of allophanes.
The allophane peak is weak compared to the other peaks
present in the CP spectrum from the amorphous silica,
and is absent from the *’Si SP/MAS NMR spectrum (not
shown) indicating that it represents a minor amount of
the total Si speciation in this sample. It is entirely absent
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Fig. 3. ’Al SP/MAS NMR spectral sets collected for samples obtained from (left) 25 °C and (right) 50 °C experiments.

in the Si spectra collected for the other samples. If this
phase or other aluminosilicates are present in the other
samples, the representative peaks are masked by the major-
ity peaks. It is possible, therefore, that 2’ Al spectral charac-
teristics could be used as tracers for the presence of
allophane phases. Allophane contains only Al and since
the ?’Al spectrum of the 50 °C sample produced at pH
4.3 contains substantial amounts of AI') we attribute its
presence to allophane-like phases (cf. Fig. 3d).

3.3. Hydration state of the Al phases

Many possible Al containing phases could be present in
these systems that could produce similar 2’Al spectra.
Exploiting the differences in their hydration state using
Z7A1{'H} REDOR is a potential method to differentiate
among these phases. A representative 2’Al{'H} REDOR
spectral set for the 25°C pH 6.3 sample is presented in
Fig. 7. We collected data for the 25 °C sample produced
at pH 6.3, both the 50 °C sample made at pH 4.3 and 6.3,
and the 120 °C samples at low pH (3 and 7 days) and
near-neutral pH (14 days) to span the largest range of solu-
tion conditions using the fewest number of samples. These
experiments are time-consuming due to the low Al concen-
trations present, and it is impractical to collect REDOR
spectral sets for every sample.

In all cases, we observe the presence of the same peaks in
the difference spectra as in the echo spectra indicating that

all the >’Al peaks present are coupled to '"H. The REDOR
fractions observed at 1.2 ms dephasing period for the stud-
ied samples are summarized in Table 5. We note the highest
REDOR fractions for the 25 °C pH 6.3 and 50 °C pH 4.3
bulk samples with higher fractions for Al'® than Al How-
ever, we still observe substantial REDOR fractions for all
the AI™ peaks in the other investigated samples. These ro-
bust REDOR fractions for the Al¥! peaks indicate a strong
association with hydrated species. This contrasts previous
results from 2’Al{'H} cross-polarization (CP) MAS exper-
iments which show little association of Al with 'H (Stone
et al., 1993; Houston et al., 2008).

Comparison of the REDOR fraction versus dephasing
period of the unknowns to model systems allows us to elu-
cidate the structure of Al in our study. Characteristic RE-
DOR curves produced for model minerals and the
corresponding data points for the uptake experiments are
presented for in Fig. 8. The AI"” minerals all produce rea-
sonably strong dephasing behavior following the same gen-
eral trend with gibbsite producing the highest REDOR
fractions, followed by kaolinite, and the Al peak of beid-
ellite (Fig. 8a). This result aligns well with the relative AI:H
ratios of the Al® peak which, respectively, are 1:3, 1:2, and
1:1 for gibbsite, kaolinite, and beidellite. This indicates the
magnitude of the REDOR fraction is a greater tracer for
the hydration state than the overall trend. For the Al con-
taining minerals, analcime and beidellite produce the high-
est REDOR fractions (Fig. 8b). Despite containing
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Fig. 4. Y7A1 SP/MAS NMR spectral sets collected for samples obtained from (left) low pH and (right) high pH 120 °C experiments.

Table 4

27Al and *Na NMR spectral parameters. 2’Al isotropic chemical shift determined from MQ/MAS are presented for selected samples in
parentheses. 2’Al intensities are given as the relative fraction of the total spectral intensity. Intensities not given for *Na.

Sample ID 27Al (ppm) Relative intensity »Na (ppm)
6 CN 4 CN 6 CN 4 CN

FTRT pH 4 9.8 55.7 .38 .62 n.m.
FTRT pH 6 5.2 (10.5) 57.8 (62.3) .26 74 -8.1
FT50 pH 4 wall 5.3 54.5 47 .53 n.m.
FT50 pH 4 bulk 4.7 54.8 .62 .38 n.m.
FT50 pH 6 5.0 56.1 .02 .98 -5.6
HT LpH 3d N/A 52.3 - 1.0 -5.9
HT LpH 7d 8.3 51.8 .07 93 =57
HT LpH 15d N/A 50.9 (54.6) - 1.0 —49
HT NpH 3d N/A 50.5 - 1.0 =71
HT NpH 8d 7.2 51.8 .03 .96 -9.6*
HT NpH 14d -0.9 524 .05 .95 -52

# Spectrum also contains sharp peak at 7.3 ppm from solid NaCl n.m. spectrum not measured.

substantial H,O in its chemical formula mordenite pro-
duces a relatively weak dephasing curve. Clinoptilolite
was also investigated (not shown), but did not exhibit an
appreciable REDOR effect at any of the dephasing periods
investigated despite its H,O content. Unlike the Al
phases, the magnitude of the REDOR fraction for Al
phases does not correlate to the Al:H ratio as evidenced
by the 1:1 ratio for analcime, and the 1:7 ratio for morde-

nite. In the AI'® phases, the 'H is present as rigid structural
hydroxyl groups and robust dephasing is expected. The 'H
in the Al phases is present as water molecules which are
more likely to be mobile, and the differences amongst
phases are likely attributable to the relative mobility of
water. In the analcime structure water is motionally con-
fined which leads to strong dipole coupling between >’Al
and 'H corresponding to high REDOR fractions, but in
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Fig. 6. Representative >’Si{'"H} CP/MAS spectra collected for the
(a) low pH 120 °C sample reacted for 15 days, (b) the 50 °C sample
made at pH 4.3, and (c) 25 °C sample made at pH 6.3.

mordenite the more open structure allows more freedom of
motion which reduces the coupling between 2’Al and near-
by 'H (Alberti et al., 1986; Moroz et al., 1998).

The REDOR fractions for the Al'® peak in the 25 °C pH
6.3 and 50 °C pH 4 experiments trends closely with the
dephasing curve produced for kaolinite (Fig. 8a). Peaks
for AI®! are observed for the other samples subjected to
REDOR analysis, but their intensities were too low to de-
rive accurate measures of their dephasing. The majority
of samples studied exhibit dephasing behavior for AI®
mimicking that of analcime (Fig. 8b). The exception to this
trend are the AI™ peaks in the 25 °C pH 6.3 and 50 °C pH
4.3 samples which produce higher REDOR fractions.

3.4. The role of Na in structural balancing Al uptake

The existence of Al in association with silica in these
samples is unlikely without the presence of additional

a) Echo (S))

b) REDOR (S)

Normalized Intensity (arb.)

c) Diff. (S,-S)

150 100 50 0 -50  -100
27A| Chemical Shift (ppm from 0.1M AICI;)

Fig. 7. Typical 2’Al{'H} REDOR spectral set collected for the
25 °C pH 6.3 sample at a dephasing period of 1.2 ms. (a) >’Al spin—
echo control spectrum, (b) ’Al{'H} REDOR spectrum. (c)
Difference spectrum obtained from subtraction of (a) and (b).

Table 5
27A1{'H} REDOR fractions measured for Al and Al peaks at
1.2 ms dephasing time for selected samples.

Sample 1D REDOR fraction (S — S)/So
6 CN 4 CN
FTRT pH 6 0.83 0.62
FT50 pH 4 bulk 0.90 0.64
FT50 pH 6 - 0.45
HT LpH 3d - 0.42
HT LpH 7d - 0.45
HT NpH 14d - 0.43

charge and structural balancing components. In our sys-
tems, this role could be filled by the Na™ cation. Therefore,
we collected *Na SP/MAS NMR spectra of these samples
to investigate the local structure of Na present in these sam-
ples (Fig. 9). With one exception, all spectra collected at
9.4 T contain a single broad asymmetric >*Na peak. The
exception is the near-neutral pH 120 °C sample collected
at 8days which shows an additional sharp peak at
7.3 ppm which arises from residual crystalline NaCl from
drying the sample. A survey of the 9.4 T »*Na NMR data
presented in Table 4 reveals that the position of the peak
maxima in all these samples falls within a chemical shift
range of —4.9 to —9.8 ppm. Contrastingly, the spectra col-
lected at 11.7 T for selected samples exhibit a sharper peak
centered near —1 ppm, but are underlain by a broad, poorly
defined signal which is difficult to accurately deconvolute
from the main peak. These spectra are similar to those

Please cite this article in press as: Mason H. E., et al. The formation of metastable aluminosilicates in the Al-Si-H,O system: Results
from solution chemistry and solid-state NMR spectroscopy. Geochim. Cosmochim. Acta (2011), doi:10.1016/j.gca.2011.07.031



http://dx.doi.org/10.1016/j.gca.2011.07.031

10 H.E. Mason et al./ Geochimica et Cosmochimica Acta xxx (2011) Xxx—xxx

a)6CN

Frrrr | rrrrjrrrr|rrr1

(e
o

—r—*

F[OFTRT pHE ——
LT IS e SN
o}

,—-"//k’“—‘

A/A

S
o

N

REDOR Dephasing: (S,-S)/S,
=] =}
(%) kS

o b b b b by

T T T T N Y Y T I

o L R R R

o

0.5 1 1.5 2
REDOR Dephasing Period (ms)
b) 4 CN
7 LT T T | LB I T I LI I LI L
r § E
3 X FT RT pH6 i
g 0'6:*FT50:H4 ¥ /./Q ]
?osfforimee X g ]
. 0.5HoH -
%3 H+ HT CpH 7d v ./. .
o 04aDHTNpH14d ./é [ =
o V4 ]
= r / ]
@ E o R
2 03 / - E
= o - 3
2 C (- =
o 021 /' /(A—A/‘ -
g 2 L] —A =
m o - L1l I Ll 1 1 I Ll 11 I L1 1 1 I L Ll E
0 0.5 1.0 1.5 2.0 25

REDOR Dephasing Period (ms)

Fig. 8. ZAl{'H} REDOR fraction as a function of dephasing
period. (a) A" containing minerals gibbsite (#), kaolinite (M), and
beidellite (v) and the AI®! peaks for studied samples (open
symbols). (b) AI! containing minerals analcime (4), beidellite
(M), and mordenite (¥) and the Al peaks for studied samples
(open symbols). The dashed lines are provided for the minerals to
guide the eye. Sample IDs correspond to those presented in Table
3.

observed for sorbed Na on the surface of silica where the
peak maxima generally occur in the region of 0 to
—3.0ppm (Kim and Kirkpatrick, 1997; Carroll et al.,
2002). Therefore, the majority of the observed signal likely
represents Na cations sorbed to the silica surface. However,
the breadth of the spectra collected at both fields cover the
range reported for >Na NMR peaks for the aluminosili-
cates albite (Xue and Stebbins, 1993) and analcime (Kim
and Kirkpatrick, 1998), and such broad peaks could easily
mask additional Na containing phases present at minor
amounts.

4. DISCUSSION
4.1. Structure of the solid precipitates

Using the results of the NMR study we can begin to
determine the possible nature of the Al species present be-
yond the simple assignment to Al'® and AI* species. Since
we observe peaks for Al in the range of 51-59 ppm, we as-
sign these peaks to AlO, tetrahedra which are coordinated
fully by SiO,4 tetrahedra in a condensed tectosilicate-like

phase. This also suggests that the AI"¥ and AI™ species
are in separate Al phases, and not bound within the same
phyllosilicate-like phase. Structural determination can be
made from both the observed 2’Al chemical shifts, and
the ’Al{'H} REDOR dephasing behavior. The *’Al chem-
ical shift alone can be telling of the Al coordination envi-
ronment. The 2’Al chemical shift varies significantly based
on the first level Al coordination sphere and which allows
peak assignments to Al and AI™ species based on their
position. The second order coordination sphere also exhib-
its controls upon the ?’Al chemical shift. For AIl® species
the effect is only slight and differentiating between two
Al species like kaolinite and gibbsite is difficult based on
chemical shift alone. In tectosilicates, the Al chemical
shift typically ranges between 55 and 68 ppm and represents
AlOy tetrahedra which are directly bonded at all apices to
Si0, tetrahedra. Phyllosilicates produce Al peaks in the
range of 70-80 ppm which result from the AlO, tetrahedron
being bonded to an octahedral cation sheet and three SiOy4
tetrahedra (MacKenzie and Smith, 2002). For example, the
beidellite sample produces a A" peak with an peak maxi-
mum of 65.7ppm and an isotropic chemical shift of
71.0 ppm (from 2’Al MQ/MAS) which are both outside
the ranges observed for our samples.

Numerous empirical formulas have been developed
which relate the chemical shift of Al to structural features
such as the average internuclear distance between tetrahe-
dral sites, d(T-T), (Kohn et al., 1997), and average Al-O—
Si bond angle (Lippmaa et al., 1986; Phillips et al., 1989;
Phillips and Kirkpatrick, 1994; Kohn et al., 1997). These
studies were performed over a wide range of magnetic field
strengths and assume peak maximum position (dppn) repre-
sents the isotropic chemical shift. We acknowledge that sec-
ond order quadrupole interactions do influence the position
of the peak maximum, and our data from *’Al MQ/MAS
experiments indicate that the isotropic chemical shifts of
the Al peaks are slightly different from the positions of
the peak maxima. However, we still use dpy; in our calcula-
tions for the purposes of consistency with the prior studies.
Using these models as first order approximations, we can
begin to build an average structural model of Al in the
precipitated Al-phase. The uniformity of the *’Al SP/
MAS spectral characteristics indicate there is little variation
in the local structure and that one structural model can be
applied to all samples. Using the formula proposed by
Kohn et al. (1997):

Spm = —59.965 - d(T — T') + 246.39 (1)

and the chemical shifts in Table 4 we derive a range of
d(T-T) from 3.14 to 3.27 A with an average distance of
3.22A. Using these same chemical shift values and the
composite equation for AI-O-Si bond angle («) purposed
in MacKenzie and Smith (2002):

5PM = —0.532a + 137 (2)

we derive a range of Al-O-Si bond angles from 149° to 163°
and an average of 157°. Using these values and assuming
the average Si—O distance in the amorphous silica is equiv-
alent to that of quartz, 1.61 10\, we obtain an average Al-O
distance of 1.74 A which agrees with that observed for AlO,
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Fig. 9. Representative 2*Na SP/MAS NMR spectra of three samples studied. (a) a sample made at near-neutral pH and 120 °C for a reaction
period of 14 days, (b) the 50 °C sample made at pH 6.3, and (c) the 25 °C sample made at pH 6.3.

incorporated in biogenic silica (Gehlen et al., 2002). We
must stress, however, that given the breadth of the lines ob-
served in this study it is likely the above structural param-
eters represent average values, and that there exist a wide
distribution of bond lengths and angles typifying an amor-
phous phase.

We can use the 2’Al{'H} REDOR data to investigate
how Al is coordinated to the surrounding hydrated species
(OH™, H,0, H;0™"). Combining these results we propose a
possible local structure for the Al as presented in Fig. 10a.
The dephasing behavior of the Al species follow closely
with that obtained for kaolinite (cf. Fig. 8a). The gibbsite
curve produces a REDOR dephasing curve which trends
at higher values than that of kaolinite. The Al-H distances
in both these materials are reasonably comparable at 2.49
and 2.56 A for gibbsite and kaolinite, respectively (Bish,
1993; Balan et al., 2006). The main difference in the RE-
DOR dephasing likely arises from the abundance of H sur-
rounding the Al octahedron. In gibbsite, Al is coordinated
to six surrounding hydroxyls and in kaolinite it is only
coordinated to three hydroxyl groups. While we cannot
definitively assign the AI'® peak in these experiments to
kaolinite, we can state that it likely has a similar hydration
environment.

We can also perform a similar analysis for the Al"™ spe-
cies and one possibility for the average local structure envi-
sioned is presented in Fig. 10b. The first important piece of
information can be gleaned by considering the 2’Al{'H}
REDOR results for mordenite and clinoptilolite. Both of
these minerals have a substantial amount of H,O included
within their structure. However, we observe only minor

1

REDOR dephasing for mordenite, and almost none for
clinoptilolite suggesting that the H,O in these minerals
are not rigidly bound within the structure. We do observe
significant amounts of dephasing for both analcime and
beidellite where the 'H is present as rigidly bound H,O
and hydroxyl groups, respectively. Since we observe large
dephasing values for all Al species we know that these
species must be in association with rigidly bound 'H. Fur-
ther, we can draw conclusions on their hydration environ-
ment by again investigating the structure of the two
model minerals, analcime and beidellite, to which their
dephasing behavior most closely aligns. In both cases, the
exact location of the 'H in the structure is not well known
so the AI-O distance to the hydrated species will be used as
a proxy for the AI-H distance. As with many clay minerals,
the exact crystal structure of beidellite is not known, but we
will assume that on the local scale it is similar to that of
montmorillonite. In the montmorillonite structure, the
Al™ is located proximal to a single hydroxyl at an average
AI-O distance of 3.42 A. The Al*! in analcime is located at
an average Al-O distance of 3.99 A to a structural water
molecule. Despite the shorter AI-O distance of beidellite
it produces a REDOR curve exhibiting lower REDOR frac-
tions than that for analcime. This again is due to the pres-
ence of more 'H in direct proximity to the Al in the
analcime than in the beidellite. Given the similar dephasing
behavior of the majority of the AI™ peaks to that of anal-
cime it is possible these AlO,4 tetrahedra are in close prox-
imity (<4 A) to structural H,O. Another possibility is that
the AlO, tetrahedra are still in close enough proximity to
the abundant silanols in the amorphous silica substrate.
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Fig. 10. Average local structural models derived from NMR data
for the (a) AI'! and (b) Al phases. Green spheres represent Al,
yellow spheres represent Si, red spheres represent O, and white
spheres represent H. Positions are all approximate, and additional
coordinating oxygens for the Si in the AI) model were omitted for
simplicity. (For interpretation of the references to color in this
figure legend, the reader is referred to the web version of this
article.)

The trends we observe in the REDOR data do provide
compelling evidence for the presence of structural H,O,
but we concede that we cannot definitively determine be-
tween these possibilities given the sparse REDOR curves
collected for the uptake samples. However, the higher
dephasing for the A" in the 25 and 50 °C samples is likely
due to the presence of higher amounts of structurally bound
protons.

Given the results of the >*Na NMR study we cannot
conclusively state that Na is present in a charge balancing

capacity. Nevertheless, Na could still serve this purpose in
our system, but our current methods are unable to detect
this fraction due to overwhelming signal arising from the
surface sorbed species. If present, additional Na could exist
as a structural constituent in the Al phase, but it is more
likely to serve as a charge balancing cation in the formation
of the AI™ phase.

Taken as a whole, these structural determinations can be
used to build cohesive structural models. In both the AI®
and AI™ phases, the line widths preclude the presence of
discrete crystalline Al-silicate phases. The hydration state
suggests the AI'™ phase is kaolinite-like, and the *°Si data
indicates that at least in one case that allophane is present.
The REDOR results for the >’Al allophane peak also indi-
cate a dephasing behavior similar to that of kaolinite. Gi-
ven the similar chemical shift and large widths of the A1)
peaks in these samples it may be possible to extend the allo-
phane assignment to the other samples with the caveat that
the peak is likely obscured in 2°Si spectra due to its rela-
tively low abundance in these samples. One possibility for
the Al" phase is a hydrated sodium aluminosilicate gel with
a tectosilicate framework representing a metastable precur-
sor to zeolitic phases such as analcime or even a hydrated
albite. This could be especially relevant for the higher tem-
perature experiments where such phases are more stable.
The formation of such phase would certainly necessitate
the incorporation of Na as a charge balancing cation. A
second possibility is the Al is occluded within the amor-
phous silica. The ?’Al spectra for the Al phases are
broadly similar to those collected for Al incorporated as de-
fects in opal (Brown et al., 2003; Paris et al., 2007). This
particular substitution could be locally charged balanced
through the co-location of silanol groups on neighboring
silicate tetrahedra. However, with the given data we cannot
confidently discriminate between these two possibilities.

4.2. Comparison to previous work on aluminum and silica

The results from this study allow us to draw some impor-
tant conclusions about the interactions between Al and the
amorphous silica surface. In this system, Al interacts to form
metastable aluminosilicates, and the Al and AI"® are con-
tained within separate phases. There is no evidence for the
formation of Al(OH); nor sorption of Al to the amorphous
silica surface. These aluminosilicates form at micromolal
concentrations, and the reactions here can be extended to
marine diagenesis, geothermal systems, and carbon seques-
tration where similar dissolved Al concentrations have been
observed (Gallup, 1997; Van Cappellen and Qiu, 1997a,b;
Carroll et al., 1998, submitted for publication).

We can also use these results to update the model pro-
posed by Houston et al. (2008) to include the formation
of metastable aluminosilicate phases as the dominant active
process. The previous model has suggested a multi-step pro-
cess dependent on solution pH including Al sorption, sur-
face enhanced precipitation of AI(OH);, and the formation
of amorphous Al*-silicate. The Al concentrations in the
current study are two to three orders of magnitude less than
that of Houston et al. (2008), and provide a good test for
sorption processes. The larger amount of AI™* compared
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to Al in the higher pH experiments of Houston et al.
(2008) likely result from higher Al and Si concentrations
present in their batch experiments driving the formation
of the AI™ silicates.

The formation of metastable allophane-like aluminosili-
cate phases has been invoked as a possible controlling
mechanism for Al solubility in surface waters (Doucet et
al., 2001; Exley et al., 2002). The authors of these studies
propose two phases which they term hydroxyl-aluminosili-
cate phases HAS, and HASg. They suggest that Al:Si is a
critical control on their formation. HAS, is defined as an
Al dominant imogolite-like phase thought to form under
conditions where Al,q is greater than Si,q and HASg is an
A1* dominant phase forming where Al,q is less than Si,g.
They conclude that HASg is poorly hydrated, the Al[?”
and Al cohabitate within a single phase derived from
AI™ templating on the HAS, structure, and presumably
that AI™ charge balance is achieved through the presence
of Al'® octahedra. Our results instead show evidence that
mutually exclusive hydrated Al and AI'® phases can form
under conditions with very low Al:Si, and that Na could
serve to charge balance the Al silicate phase. It is possible,
therefore, that the Al solubility could be controlled through
a metastable-equilibrium between Al and an AI™ silicate
phases similar to the following equations

Al;Si,05(0OH), + 2H" + Na® + SiO,(aq)
« NaAlSi;Og - H,O + AP + 2H,0 (3)
IAP = {AP'"}/({H"}*{SiOs(aq)}) (4)

rather than those based on the solubility of HASg as pro-
posed by Dobrzynski (2007). Such equations could be easily
incorporated in models of Al and Si cycling.

There is abundant evidence in the literature that dis-
solved Al is concentrated in geothermal silica scales and
accelerates the precipitation of amorphous silica (Gallup,
1997, 1998; Carroll et al., 1998). In the presence of dissolved
silica, Al(OH); has been shown to be unstable at 90 °C and
it quickly forms both AI"® and Al silicate phases (Yokoy-
ama et al., 2002). Based largely on those results, Yokoyama
et al. (2002) and Nishida et al. (2009) proposed that the for-
mation of AI(OH); phases were necessary precursors to the
formation of Al phases in hydrothermal scales. The re-
sults of this current study suggest that these precursor
phases may not be necessary, but more work is required
to elucidate the mechanisms of aluminosilicate formation
in these systems.

The findings of this study may also be relevant to geo-
chemical alterations that occur when supercritical CO, is
stored in deep saline aquifers to mitigate global warming
(IPCC, 2007). Recent studies have shown that dissolution
of iron-rich clays found in saline sandstone reservoirs drive
the reactive chemistry in storage environments. Enhanced
dissolution from high CO, solubility yields secondary pre-
cipitation of aluminum hydroxides or alumino-silicates
(Carroll et al., submitted for publication). In these environ-
ments it is possible the dissolved Al and Si concentrations
will be controlled the Al and Al silicate phases detected
in this study.
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